Polybrominated diphenyl ethers (PBDEs) are used as additives in polymers and teiles to prohibit the development offires. Because ofthe production and use of PBDEs, the lipophilic haracteristics, and persistence, these compounds have become ubiquitous environmental con aminants. The aim of the present study was to determine potential exposures of PBDE to derks working filltime at computer screen and persomnnel at an elecnics-disntling plant, with hospitl deaners as a control group. Five PBDE congeners-2,2',4,4'-tetraBDE; 2, 2', 4, 4', 5, 2, 2', 4, 4', 5, 2, 2', 3, 4, 4', 5', 
htap://ehpntl.niehs.niLgovldo/s/1999/107p643-448sodin/abstra.bwtml Brominated flame retardants (BFR) comprise a large number of substance classes (1) including polybrominated diphenyl ethers (PBDEs) (2) . PBDEs are used as flame retardants in plastics, textiles, coatings, and electrical components found in many common goods including computers, televisions, and electrical appliances (2) . Technical PBDE products are manufactured as mixtures of penta-, octa-and decabromodiphenyl ethers, corresponding to the average bromine content. These products contain diphenyl ethers with mainly 4-6, 7-10, and 10 bromine atoms, respectively; e.g., 6 brominated diphenyl ethers (BDEs) of a total of at least 12 congeners are present at levels exceeding 1% by mass in a technical pentaBDE mixture, Bromkal 70-5DE (Chemische Fabrik Kalk, Cologne, Germany) (3) . Globally, decaBDE is the most common PBDE, with a production of 30,000 metric tons/year. When the other PBDE products are included, total worldwide output is 40,000 metric tons/year (4) .
After the discovery of PBDEs in pike from a river on the West Coast of Sweden in 1981 (5) , numerous subsequent reports documented the ubiquitous distribution of PBDEs in the environment. PBDEs have been detected in sediments (6) (7) (8) (9) , wildlife, and fish (5, 6, (10) (11) (12) (13) (14) (15) , and in human blood (16) , mother's milk (17) (18) (19) , and human adipose tissue (20, 21) . In biota, the dominating PBDE congener is 2,2',4,4'-tetrabromodiphenyl ether (BDE-47) (10) (11) (12) (13) 15, 16, 18, 19) . Other examples of PBDE congeners reportedly present in the environment are 2,2',4,4',5-pentaBDE (BDE-99), 2,2',4,4',6-pentaBDE (BDE-100), 2,2',4,4',5,5'-hexaBDE (BDE-153), and 2,2',4,4',5,6'-hexaBDE (BDE-154) (15, 16, 18, 19) . [Individual PBDE congeners are numbered according to the numbering system of polychlorinated biphenyls (PCBs) (22) .] Levels of BDE-47 in human blood and mother's milk are 2.9 and 4.7 pmol/g lipid weight (1w), respectively (16, 18) . For example, significantly higher concentrations have been reported in wild salmon (Salmo salar) from the Baltic Sea (620 pmol/g lw) (15) and in harbor seal blubber, where up to 2,500 pmol/g has been reported (13) . Despite the fact that human PBDE concentrations are still significantly lower than those of PCB and DDE in mother's milk, a dramatic increase in PBDE concentration in milk from Sweden has been reported, corresponding to a redoubling every 5 years (18) . (2) , recent data indicate that they may be more harmful than previously expected. Several PBDE congeners interfere with the aryl hydrocarbon (Ah) receptor (24) . BDE-99 induces learning disabilities in mice (25) analogous to those caused by 2,2',5,5'-tetrachlorobiphenyl (CB-52), one of the most potent PCB congeners eliciting this effect (26) .
BDE-47 is transformed in rats and mice to hydroxylated metabolites (27) that compete with thyroxin for the binding site on transthyretin (28) . Some hydroxy-PBDEs also reportedly bind to the thyroid receptor (29) . Taken Generally, humans are most probably exposed to PBDEs through similar exposure routes as many neutral lipophilic organohalogen compounds such as PCB congeners and DDT-related compounds, with food as the major source ( 15, 30) . Inhalation of particulate-bound PBDEs in certain occupational settings may, however, also contribute to human exposure, whereas gaseous phase exposure to PBDEs probably is of minor importance because of the low vapor pressures of these compounds (2) . The aim of the present study was to determine if occupational exposure can be related to PBDE body burdens, and if so to quantify them. Serum samples were collected and analyzed from three groups: subjects employed in an electronicsdismantling plant, clerks working full-time at computer screens, and, as a control group, hospital cleaners. The study includes methodological development for the analysis and quantification of BDE-209 in human serum.
Materials and Methods
Chemicals. Synthesized (34) . Methant 4.5 (AGA, Stockholm, Sweden) of > 99.995% purity and with < 5 ppm 02 was used as the electron thermalization buffer gas. On-column injections were made for GC/MS quantification of BDE-209 using a septumequipped programmable injector fitted with a high-performance insert. The injector temperature was programmed as 60°C, 1800C/min, to 320°C. The oven temperature was programmed as 80°C (1 min), 15°C/min, to 300°C (16 min). All other GC and MS parameters were similar to those described above. Typical SIM chromatograms of higher brominated (. 7 bromine atoms) diphenyl ethers (m/z= 79 and 81) are shown in Figure 1 . ' The polybrominated diphenyl ethers have been given numbers according to the numbering of polychlorinated biphenyis (22) . bTo method for synthesis. cSee "Chemicals" section.
Sample clean-up and analysis. The serum extraction procedure used has been fully described elsewhere (35) . Briefly, hydrochloric acid (6 M, 1 mL), 2-propanol (6 mL), and the internal standards CB-189 (3 ng) and BDE-128 (0.1 ng) were added to the serum samples (5 g 
Results
The PBDE congeners shown in Figure 2 were detected in all blood samples analyzed, except for BDE-209, which was detected in 45 of 59 samples. The levels and patterns, however, were different between the study groups (Figures 1 and 2) . The two pentaBDEs, BDE-99 and BDE-100, were present in all samples but are not shown in Figure 2 because these peaks were chromatographically disturbed. Accordingly, data on these PBDE congeners were excluded because it was not possible to accurately quantify them. Typical ECNI-MS chromatograms for heptaBDE-decaBDE are shown in Figure 1 , representing a female hospital cleaner and a female worker from the electronics-dismantling facility. For comparison, the SIM trace of a commercial octaBDE product, Bromkal 79-8DE, is also shown in Figure 1 . Clusters of octaBDEs and nonaBDEs were confirmed to be present in the blood samples of the electronicsdismantling workers but no quantitative measuirements were performed because of the lack of authentic standards. However, higher relative concentrations, as shown in the chromatograms of the octaBDEs and nonaBDEs (Figure 1 ), were determined in serum from the personnel at the electronicsdismantling plant as compared to those with other occupations. For the three occupational groups, the concentrations (pmol/g lw) of BDE-47, BDE-153, BDE-154, BDE-183, BDE-209, and the sum concentrations of these PBDE congeners, as well as of CB-153, are given in Table 3 . BDE-209 was detected in 14 of 20 cleaners and in 13 of 20 clerks but was above the LOQ (0.7 ng/g lw) in 7 cleaners and 6 clerks. It was possible to quantify BDE-209 in all but two of the subjects working at the dismantling plant prior to their vacation. The electronics-dismantling workers had significantly higher plasma levels than the cleaners of all measured organohalogen compounds. The relative increase was most pronounced for BDE-1 83 (approximately 70 times the median value), whereas the corresponding values for the other compounds varied between two and seven times. For the computer clerks, small but significantly elevated levels were observed for three of the compounds (BDE-153, BDE-154, and BDE-183) as compared to the cleaners.
Clear correlations between CB-153 and age were observed in both hospital cleaners (r = 0.51, p = 0.02) and the personnel at the dismantling plant (r, = 0.70, p < 0.001). The consumption of fish was low in the studied groups and no significant correlations were found between CB-153 and total consumption of fish or fatty fish from the Baltic Sea.
BDE-47, BDE-183, and BDE-209 concentrations did not correlate with age or fish intake (data not shown).
The serum concentrations of all PBDE congeners decreased during summer vacation in the electronics-dismantling workers analyzed prior to and after this period ( Table 4) only for wildlife (10) (11) (12) (13) 15, 16, 18, 19) but also for htumans. However, the PCB levels were still higher than the PBDE levels.
Interestingly, BDE-209 was present in cleaners and clerks as well as in workers from the electronics-dismantling plant. This is an important observation because it has been claimed that this compound is unlikely to bioaccumulate because of its high relative molecular mass (2) . The serum levels of BDE-47 in cleaners and clerks in the prcsent study were similar to the levels of this compound reported in Swedish male blood donors (16 Volume 107. Number 8 August 999 X Environmental Health Perspectives clerks show slightly but significantly higher levels of BDE-153, BDE-154, and BDE-183, whereas no statistical difference was observed for BDE-47 and BDE-209 (Table  3) . This is an indication that computer work may cause exposure to PBDEs. However, the plasma levels among both cleaners and clerks range up to one order of magnitude for all the PBDE congeners. This also indicates that other exposure sources, e.g., the diet, are important for the individual exposure. Additional work is necessary to confirm the observation that clerks working at computer screens may be occupationally exposed to PBDEs. Higher concentrations of CB-1 53 than of PBDEs were observed in the cleaners and clerks. This major PCB congener is strongly correlated to the total PCB level in serum (36 Figure 2 ). Particularly high concentrations of BDE-183 were found-70 times that of the control group on a molar basis-whereas the smallest difference as compared to the control group was observed for BDE-47 (1.8 times) . In addition, the CB-153 to BDE-183 ratio is significantly lower in the serum of the workers at the dismantling plant (approximately 70) as compared to that of the cleaners and clerks (approximately 2,000). The workers at the dismantling plant also had high levels of It is evident that occupational exposure to PBDE occurs at the plant for dismantling of electronics. This is strengthened by the different levels of the PBDE congeners quantified prior to and after the vacation of 11 of the workers at the plant (Table 4) . Interestingly, there seem to be different half-lives depending on bromination degree of the diphenyl ethers; the more bromine in the molecule, the shorter half-life. However, the kinetics data in this study must be confirmed. The observation that the higher brominated congeners have a shorter half-life is consistent with reported data on metabolic rate of the two PBDE congeners BDE-47 and BDE-209. BDE-47 metabolism was studied in the rat and the mouse, and was well absorbed but slowly metabolized, forming hydroxylated metabolites that were excreted mainly via feces (24) . BDE-209 was poorly absorbed and rapidly excreted after an oral dose; after i.v. administration the compound was also rapidly eliminated from the rat, partly as metabolites (37) . Actual half-lives were not calculated in either of the two studies, but the data support the observation in the present study that BDE-209 is more rapidly eliminated than the lower brominated PBDEs. Further studies on the kinetics of these compounds are needed to clarify the bioaccumulation at exposure for brominated flame retardants.
Because PBDEs are present in food items, e.g., fish (8, 15) and wildlife (12) , it is reasonable to believe that dietary intake plays an important role in the external exposure of these persistent compounds in humans. Inhalation may be a reason for the low but still significantly increased (p = 0.02) levels of BDE-183 in the clerks working at terminal screens as compared to cleaners. The exposure routes are partly different for BDE-47 and BDE-183, i.e., that food is a more important source for BDE-47 because it is the major contaminant in wildlife (compare above), whereas airborne uptake seems more pronounced for BDE-183. Airborne exposure, via inhalation of BDE-183, BDE-209, and octaBDEs-nonaBDE, is evident from the results in personnel working at the electronics-recycling plant. However, BDE-209 is present in higher levels than BDE-183 in the air at the dismantling plant (23 This work includes methodological development for analysis of the highest brominated diphenyl ethers, e.g., BDE-209, nonaBDEs, and octaBDEs. It is important to be able to quantify BDE-209 because this is a major BFR product (2, 4) . BDE-209 is efficiently extracted by the method used (35) but it was necessary to use an alternative GC method to improve the analysis. Hence, the quantification of BDE-209 was performed by MS (ECNI) after on-column injections and analyte separation on a short (15 m) GC column.
The present work shows that exposure to BFR not only occurs by consumption of contaminated food but also via inhalation of airborne particulate matter. PBDEs are persistent bioaccumulating substances with lipophilic characteristics and unfavorable biologic effects (24, 25) . Further studies need to be performed to gather better data on both background and occupational exposure to PBDEs. Finally, the results obtained call for detailed studies on the kinetics of PBDEs to improve the risk assessment of this class of environmental contaminants.
